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Tungsten (W) samples were damaged by neutron and 6.4 MeV Fe-ion irradiation above 1000 K simulating the divertor 
operation temperature. Deuterium (D) retention properties were examined by decorating the damaged W with D and 
subsequent thermal desorption spectroscopy (TDS) measurements. Vacancy clusters were the major D trapping site in the 
W irradiated with Fe-ion at 873 K, although D retention by vacancy clusters decreased in the W irradiated with Fe-ion at 
1173 K due to dynamic annealing. The D de-trapping activation energy from vacancy clusters was found to be 1.85 eV. D 
retention in neutron damage W was larger than that damaged by Fe-ion due to the uniform distribution of irradiation defects. 
The D desorption behaviors from neutron damaged W was simulated well by assuming the D de-trapping activation energy 
to be 1.52 eV. 
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1. Introduction 
In the D-T fusion reactor, tungsten will be exposed to 
high heat flux, neutrons, He ash, and fusion fuel including 
deuterium and tritium. Irradiation defects in tungsten will 
act as potential trapping sites for hydrogen isotopes and, 
therefore, increase the hydrogen isotope retention [1-3]. 
The influences of neutron irradiation on hydrogen isotope 
retention behaviors have been investigated in the 
framework of the US-Japan joint research project 
PHENIX and TITAN [3-5]. Shimada et al. reported that 
the D retention in W was largely increased by neutron 
irradiation compared to that in heavy-ion (such as W, Fe) 
irradiated W as well as non-damaged W [4]. Neutron 
irradiation produces irradiation defects through the whole 
depth of W material, resulting in D retention by the bulk 
W.  
In the actual fusion environment, the irradiation 
defects generated by neutrons will dynamically migrate 
under high heat load, which results in the accumulation 
and annealing of irradiation defects. In particular, the 
nominal temperature above 1000 K is expected in the 
steady-state high temperature divertor operation in 
DEMO [6]. Therefore, the change of D retention 
properties in W irradiated with neutrons at elevated 
temperatures should be investigated above 1000 K to 
estimate the hydrogen isotope inventory in the divertor. 
For this purpose, in this study, the neutron irradiation was 
carried out for W under high temperature above 1000 K. 
Thereafter, D was introduced into W samples. Here, D 
introduction such as plasma exposure under high 
temperature should result in the D desorption during the 
cooling process. Therefore, D plasma exposure to W 
samples were carried out under lower temperature (673 
K) compared to that during neutron irradiation to decorate 
almost all the trapping sites for hydrogen isotopes by D so 
that the change of D retention properties in W irradiated 
with neutrons at elevated temperature can be evaluated.   
Also, 6.4 MeV Fe-ion irradiation into W was carried 
out in this study because the depth profile of irradiation 
defects predictable by the practical Monte Carlo code 
helps us to evaluate the de-trapping activation energy of 
D from irradiation defects from the TDS measurement. 
For this purpose, Fe-ion irradiation into W at high 
temperature was performed, and subsequently D plasma 
exposure was done by the same manner with that for 
neutron irradiated W.  
 
2. Experimental 
Polycrystalline tungsten samples purchased from 
Allied Material (A.L.M.T.) Corp. Ltd, with the size of 6 
mm diameter, 0.5 mm thickness, were irradiated with 
neutrons (n-irr. W) and 6.4 MeV Fe3+ (Fe-irr. W) in this 
study. The Fe-irr. W samples were irradiated with 6.4 
MeV Fe3+ at temperatures of 873 and 1173 K up to 0.3 
dpa (displacement per atom) in the accelerator DuET at 
Kyoto University. The damage density was evaluated by 
the same manner of Ref. [7]. The range of the damage 
region was estimated by SRIM (Stopping Range of Ions 
in Matter) code as about 1.2 um [8]. The n-irr. W samples 
were irradiated by neutrons in HFIR (High Flux Isotope 
Reactor) in ORNL (Oak Ridge National Laboratory) up 
to 2.1-2.4 ×1025 n m-2 (E > 0.1 MeV), which corresponds 
to ~0.4 dpa, at nominal temperatures of 1073 and 1373 K. 
The surfaces of n-irr. W samples were dark-colored 
compared to that before irradiation. Then, the Fe-irr. W 
 
and n-irr. The W samples were exposed to D plasma at 
673 K in TPE (Tritium Plasma Experiment) at INL (Idaho 
National Laboratory). The flux and fluence of D plasma 
were 6 × 1021 D+ m−2 s−1 and 5.5 × 1025 D+ m−2, 
respectively. The D ion energy was 100 eV. Details of D 
plasma exposure can be found in Ref. [4]. Then, the 
sample was transferred to a TDS system at INL to 
evaluate D retention. An infrared tube furnace was used 
to heat samples at a rate of 10 K/min, where sample 
temperature was measured by two type K thermocouples 
in direct contact with the sample surface. In TDS 
measurements, ions with the mass of 3 (HD) and 4 (D2) 
were observed. In this study, we counted only the amount 
of D in these species.   
3. Simulation code of D desorption 
A simulation code of D desorption in TDS 
measurements was constructed. After D plasma exposure, 
a sample will experience several stages before TDS 
experiment such as cooling down, transfer from TPE to 
TDS system. However,  the present simulation code only 
focuses on the TDS experiment for simplicity.  
The one-dimensional McNabb-Foster model was 
adopted for D migration in tungsten with trapping sites [9], 
which can be expressed as follows. 
Here, m indicates the concentration ratio of mobile D to 
lattice W atom, and that of trapped D is t. D0 and ED are 
the pre-exponential factor and the activation energy of D 
diffusion in W, respectively. The superscript of i indicates 
the type of D trapping state, because there would be 
several D trapping sites in W. Also, following Eq. 2 
expresses t. 
The terms of kt,0 and kdt,0 are the pre-exponential factors, 
and Et and Edt are the activation energy for D trapping and 
D de-trapping into/from trapping sites, respectively, 
which exist in W with the concentration ratio of V. The 
most possible D trapping site in W would be vacancy type 
defects, such as vacancy and vacancy clusters. On the 
surface of W, mobile D recombines to form a molecule, 
then desorbs out. The recombination rate is the product of 
the recombination rate constant, krc and the squared 
concentration of mobile D on the surface. The list of the 
kinetics of D migration processes are found in Table 1. 
Because some surface modification was found on the n-
irr. W, krc was referred from the work by Anderl who 
reported the quite small krc compared to that on the clean 
W surface [9]. Here, the activation energy of D de-
trapping, Edt, is not defined, and was a free-parameter so 
that the simulated D desorption demonstrates the actual 
D-TDS spectrum.  
Equations 1 and 2 are simultaneous equations. For 
solving this problem, we adopted the Newton-Raphson 
method with the implicit finite difference method 
combined to LU decomposition in this work. The 
structure of the simulation code is similar to our previous 
study [10]. The error in the convergence processes was 
less than 10-4. The m and t in each time step with 
increasing temperature give us the D desorption from W 
sample in TDS measurement.  
 
4. Results and discussion 
Fig. 1 shows the D-TDS spectra for Fe-irr. W samples. 
In case of Fe-irr. W irradiated at 873 K, the major D 
desorption peak was located around 880 K. However, in  
case of Fe-irr. W irradiated at 1173 K, the D desorption 
peak shifted to lower temperature side around 820 K, and 
another D desorption peak appeared around 700 K. The D 
desorption peak around 880 K from damaged W was also 
reported by Sakurada [7] and Tyburska [14]. They also 
carried out annealing of damaged W up to the temperature 
above 1000 K, and showed the decrease of D desorption 
around 880 K. These results are consistent with this study. 
In addition, Sakurada reported the increase of D 
desorption around 700 K after annealing up to 1173 K, 
which is consistent with the results in this study where an 
additional D desorption peak was observed around 700 K.  
 Here, the D plasma exposure temperature was 673 K, 
which is a sufficiently high temperature for D to migrate 
through W sample according to the D diffusivity in Table 
1. Also, reports about the D depth profile in damaged 
tungsten after D injection showed the depth profile of 
retained D was almost consistent with the damage profile 
estimated by SRIM [5, 15]. According to these works, we 
assumed the simple D distribution in Fe-irr. W in this 
study where the D in Fe-irr. W uniformly distributed over 
damaged region (around 1.2 µm) by 6.4 MeV Fe3+ 
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Table 1 The Arrhenius parameters of D migration processes 
in W used in this work 
Process Kinetics References
Diffusion 4.1×10-7 
          
  [m2s-1] [11], [12]
Trapping 6×1012 
          









         
  [m4s-1] [5], [9]
Fig. 1 D-TDS spectra of Fe-irr. W up to 0.3 dpa at 873 K 
and 1173 K. D-TDS spectra simulated in this work are 
also displayed.  
 
irradiation and D retention is negligible in the deeper 
region behind damaged region. Assuming the above D 
distribution in Fe-irr. W and D retention evaluated by 
TDS measurement, V was determined for Fe-irr. W 
irradiated at 873 K as 0.6 at.%. With using this value, the 
D desorption spectrum was demonstrated by the 
simulation code as explained in section 3. The results of 
the simulation code were added in Fig. 1. D-TDS 
spectrum of Fe-irr. W irradiated at 873 K was almost 
reproduced with Edt as 1.85 eV.  
In the same manner, D-TDS spectrum for Fe-irr. W 
irradiated at 1173 K was also examined. The D desorption 
behaviors assuming with Edt of 1.52 eV and 1.85 eV are 
also displayed in Fig. 1. The simulation code 
demonstrated the D desorption peak around 820 K when 
assuming V and Edt to be 0.2 at.% and 1.85 eV, 
respectively. However, the demonstration of the D 
desorption peak around 700 K was difficult. Because the 
D plasma exposure temperature was 673 K in this work, a 
part of D which was supposed to be desorbed around 700 
K, was released out during and after D plasma exposure. 
The D de-trapping energy for D desorption peak around 
700 K was obtained as 1.52 eV.  
The D-TDS spectra for n-irr. W samples are displayed 
in Fig. 2. D retention in n-irr. W was almost 10 times as 
large as those of Fe-irr. W. Neutron irradiation produced 
irradiation defects uniformly through W, although 
irradiation defects by ion irradiation accumulate only in 
the shallow surface region. Therefore, D can be retained 
in the deep region of n-irr W, resulting in the larger D 
retention compared to Fe- irr. W. D retention decreased to 
about 2/3 in n-irr. W at 1373 K compared to that of n-irr. 
W irradiated at 1037 K due to the dynamic annealing of 
irradiation defects during neutron irradiation. On the other 
hand, the profile and temperatures of D-TDS spectra in 
these n-irr. W samples were almost identical. This fact 
would indicate that the D trapping site and the D 
distribution in these samples would be almost similar. 
Then, the demonstration of D-TDS for n-irr. W by the 
simulation code was carried out. It was reported that D 
penetrates from the surface into the deeper region of W 
with occupying irradiation defects due to the large binding 
energy of D to irradiation defects [16]. The depth where 
D retention in irradiation defects is saturated (V = t) was 
defined as LD in this work. The D concentration from the 
D plasma exposed surface to LD was assumed to be 
uniform before TDS experiment. In the simulation, we 
varied LD in n-irr. W. The value of V also changes with 
changing LD so that the D retention in n-irr. W before TDS 
measurement are the same in all simulation tests. Also, we 
considered that V = 0.6 at.% would be almost the 
saturation density of D in W according to previous work 
[5]. Therefore, V less than 0.6 at.% was examined. In this 
study, we tried to demonstrate the D-TDS spectrum of n-
irr. W irradiated at 1073 K, which showed the D retention 
as 3.8 × 1021 D m-2. 
Fig. 3 displays the D-TDS spectra predicted by the 
simulation code in the temperature range of 300 - 1200 K. 
Four cases were examined in which V are 0.6 at.% (Case 
I and Case II) and 0.012 at.% (Case III and Case IV). In 
case with V = 0.6 at.% (Case I and Case II), which is the 
same V as Fe-irr. W irradiated at 873 K in Fig. 1, the LD 
was ~10-2 mm. Besides, LD was ~0.5 mm when the V = 
0.012 at.% (Case III and Case IV). Therefore, V = 0.012 
at.% is the lowest D concentration in W for n-irr. W 
irradiated at 1073 K because the thickness of W samples 
in this work was 0.5 mm. We also changed Edt as 1.52 eV 
(Case I and Case III) and 1.85 eV (Case II and Case IV). 
These values of Edt were obtained by the results from Fe-
irr. W in Fig.  1.  
The profile and D desorption temperature in D-TDS 
spectra were influenced by both V and Edt. In Case II and 
in Case IV, in which Edt was assumed as 1.85 eV, D 
desorption did not finish below 1200 K, and hardly 
reproduced what was observed in the TDS experiments. 
In Case I, a major D desorption appeared around 700-
1000 K. However, the D desorption was still observed up 
to high temperature region above 1100 K, which was not 
observed in the experimental data shown in Fig. 2. This 
tailing of D desorption in the higher temperature side 
would be caused by the unoccupied D trapping sites 
which are distributed in the deeper region than LD in W 
because irradiation defects generated uniformly in W by 
Fig. 3 D-TDS spectra for n-irr. W in temperature range of 
300-1200 K simulated with several D trap densities, D 
distributions and D de-trapping energies by the simulation 
code. In all cases, the heating rates are 10 K/min. 
Fig. 2 D-TDS spectra for the n-irr. W irradiated at 1073 K 
and 1373 K. The red and blue dashed lines are simulated 
D-TDS spectra for n-irr. W irradiated at 1073 K and 1373 
K, respectively. 
 
neutron irradiation. During heating in the TDS simulation, 
some parts of D de-trapped from irradiation defects within 
LD diffused to the opposite side of the D plasma exposed 
surface and was re-trapped by unoccupied irradiation 
defects. This random diffusion and continuous 
trapping/detrapping of D in W beyond LD during TDS 
measurement makes the D desorption temperature higher.  
In Case III, the profile of TDS spectrum was the 
typical diffusion controlled desorption. The D desorption 
peak was appeared at 920 K. The D-TDS spectrum 
simulated in Case III is also found in Fig. 2 as a red dashed 
line to compare the experimental data. It can be found that 
the D desorption simulated in Case III almost 
demonstrated the D desorption for n-irr. W irradiated at 
1073 K. In addition, the D-TDS spectrum for n-irr. W 
irradiated at 1373 K was also demonstrated with V = 
0.008 at.%, LD = 0.5 and Edt = 1.52 eV as shown in Fig. 2.   
According to the simulation code, the D trapping site 
with Edt of 1.85 eV was hardly the dominant trapping site 
in n-irr. W irradiated above 1073 K. Previous reports 
assigned this Edt as the de-trapping of D in vacancy 
clusters and voids. [7, 14]. Several studies, where W 
samples were heated during or after heavy ion irradiation, 
indicated that vacancy clusters and voids can anneal at 
this temperature region [17-19]. These annealing 
experiments would be consistent with the results for the 
n-irr. W in the present study. On the other hand, in the D-
TDS spectrum for Fe-irr. W irradiated at 1173 K, almost 
one-half of D was trapped by the vacancy clusters 
although the D trapping by vacancy clusters was hardly 
observed in n-irr. W even irradiated at lower temperature 
of 1073 K. This difference would be caused by the 
irradiation condition. Because of the slow damage 
generation rate in W by neutron irradiation, a longer 
irradiation period is necessary compared to that for Fe-ion 
irradiation. This long irradiation period under high 
temperature for neutron irradiation would enhance the 
annealing of vacancy clusters compared to the case of Fe-
ion irradiation. 
The assignment for the D trapping site with Edt = 1.52 
eV is still unclear. This value was close to D de-trapping 
energy from mono-vacancy reported by Zibrov, who 
examined only D-ion implanted in re-crystalized W in 
which vacancy clusters hardly grew [20]. However, 
several investigations employing positron annihilation 
spectroscopy (PAS) suggested that the mono-vacancy 
should easily anneal at high temperature above 1000 K [7, 
17].  Because the diffusion rate of mono-vacancy is 
sufficiently fast in high temperature, most of mono-
vacancy can reach to the surface sink, and annihilate. 
Indeed, the electron transmission microscope (TEM) 
observation by Sakurada for 0.1 dpa damaged W by Fe-
ion irradiation showed an almost complete annihilation of 
irradiation defects. Even thought, the growth of D 
desorption peak appeared around 600 K in their work [7].  
Further studies are necessary to assign this D trapping site 
in W. 
Although the assignment of D trapping site observed 
in n-irr. W is unclear, it was found that the difference in 
D retention was not large (about 3:2, respectively) in the 
n-irr. W irradiated at 1073 K and 1373 K. This indicates a 
part of D trapping site with Edt = 1.52 eV can survive even 
at 1373 K. The contribution of this trapping site should be 
considered to evaluate the tritium inventory in divertor 
during steady-state fusion reactor operation.  
 
5. Conclusion 
The influence of dynamic annealing of irradiation 
defects on D retention property in W damaged by neutron 
and 6.4 MeV Fe3+ was examined by decorating the 
irradiation defects by D and subsequent TDS 
measurements in this study. The following results were 
obtained. 
⚫ The vacancy clusters would be a major D trapping 
site in Fe-irr. W irradiated at 873 K, although the 
dynamic annealing of vacancy clusters was 
enhanced at 1073 K. The D de-trapping activation 
energy from vacancy clusters would be 1.85 eV. 
⚫ D retention in n-irr. W was larger than Fe-irr. W due 
to the uniform distribution of irradiation defects 
induced by neutron irradiation. The assignment of 
the dominant D trapping site in n-irr. W was still 
unclear, although the D de-trapping activation 
energy was evaluated to be 1.52 eV    
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